Abstract. Mutants of Azotobacter which grow normally on excess ammonia under a variety of conditions and which grow slowly or not at all on atmospheric nitrogen have been isolated. Extracts of these strains have low or no detectable nitrogenase activity. There are three classes of mutants. Cell-free preparations of members of the first class possess an enhancement factor (EF+) which stimulates wild-type nitrogenase in vitro. Homogenates of members of the second class possess an enhanceable factor (EF-) which complements in vitro with extracts of the first class of mutants to give substantial nitrogenase activity. Preparations of members of the third class contain neither EF+ nor EFactivity. EF+ and EF-are repressed by the same conditions that repress nitrogenase. Molybdenum-deficient cells of the second class of mutants do not appear to contain EF-activity, but molybdenum deficient cells of the first class of mutants contain EF+. Because of these observations, EF+ is tentatively equated to azoferredoxin and EF-to molybdoferredoxin.
(DN2) was the basic growth medium: DN2 containing 5 gm/l vitamin-free casamino acids digest is designated CA. Other variations in N and C sources are described in the text.
Culture conditions: (1) Growth rate measurements. A solid inoculum, taken from a two-day-old culture on solid CA, was introduced into 50 ml of liquid medium in a 250 ml Erlenmeyer flask, giving an initial concentration of between 1 and 2 X 107 cells per ml.
The culture was then incubated on a rotary shaker, with moderate agitation at 28 ±4 10C.
Growth was followed turbidimetrically with a Klett-Summerson colorimeter and a number 54 filter. Wild-type cultures were employed as internal controls in each experiment. (2) Cultures used for enzymological studies. Cells were pregrown into stationary phase in liquid CA for 24 to 30 hr on a rotary shaker at 28 i-?C. The bacteria were subsequently harvested by centrifugation and resuspended in liquid DN2 (derepression medium) with or without additions and incubated as described above for 12-13'/2 hr.
Extraction and assay of nitrogenase: These procedures have been described in previous papers.'9 20 One unit of nitrogenase activity is defined as a difference of 1 nmole of ammonia formed per minute between a reaction mixture incubated under a nitrogen atmosphere and its otherwise identical control incubated under an argon atmosphere.
Selection of mutants: Cells pregrown into logarithmic phase on CA were incubated, without shaking, in the dark, for 90 min, in the presence of 5Ug/ml of N-methyl-N'-nitro-N-nitrosoguanidine. This treatment resulted in 10% cell survival. The treated bacteria were incubated in liquid CA on a rotary shaker with moderate agitation at 28 zt 1PC for 6-18 hr to allow nuclear segregation, and then plated on solid CA. The resulting colonies were replicated" onto solid DN2 medium, and onto solid DN2 containing 1 gm/] NH4Cl.
Presumptive mutants were purified extensively by cloning on solid CA.
Bacteriophage sensitivity tests: A stock solution of virulent bacteriophage PAV-1 containing 7 X 101" PFU per ml was prepared by overnight lysis of strain OP. Mutants were tested for sensitivity to this virus by the standard agar overlay procedures with CA medium. Clearly visible plaques were counted after 24-30 hr incubation at 370C.
Results. Gross physiological analysis: Nine mutants were isolated in 12 mutant hunts. Most of these grew poorly on nitrate. Consequently spontaneous nitrate-utilizing revertants of each strain were selected. These have an R designation (e.g., 22R1). In the case of mutants 38 and 114, two distinct types of nitrate-utilizing revertants were found: one-type which grew slightly on DN2 (38R5, 114R9), the other which did not (38R4, 114R4). An isolate of each kind was kept. Leaky mutants (3, 33, 37, 120, 159) were not amenable to the above treatment and analysis.
The doubling time of each of the mutants on DN2 is considerably longer than that of the parental wild-type strain, whereas growth on ammonia-containing medium was normal or near normal (Table 1) . This pattern was consistent on a variety of carbon sources. Growth rates on nitrate-containing medium varied but were not as different from the wild-type rate as were the growth rates on DN2. Mutant T4 is a leaky purine and amino acid auxotroph which is presented for comparison. Virulent bacteriophage PAV-1, a specific Azotobacter parasite, formed typical plaques on all the mutants in the collection.
Enzymological analysis: Cell-free preparations of each strain were poor or deficient in nitrogenase activity (Table 2, Fig. 1 ). Extracts of the leaky mutants had more activity than preparations of the completely blocked strains. A random sample of four mutants (22R1, 3, 38R4, 38R5) were pregrown as described in Materials and Methods and subsequently derepressed on DN2 containing 0.2 gm/l NH4Cl. This level of NH4+ ions does not repress nitrogenase in the wild-type strain. 20 The wet weight yield of cells from this treatment was identical to that of the wild type, but the nitrogenase activity in extracts prepared from these cells was either undetectable (22R1, 38R4), or very low (3, 38R5). This experiment suggests that the lack of nitrogenase activity in cellfree homogenates of these mutants is not due to a lack of nitrogen source for de novo protein synthesis, caused perhaps by a permeation barrier to nitrogen.
Enhancement and enhanceable factors: When extracts of some of the mutants (22R1, 33, 38R5, 114R9, 159) were mixed with extracts of wild-type cells, an enhancement of nitrogenase activity was observed (Table 2, Fig. 2 ). The enhancement activity (EF+) of 22R1 was repressible under conditions which repressed nitrogenase in the wild-type strain (Table 3) .
When extracts of strain 3 were mixed with extracts of strain 22R1, an enhanceable factor (EF-) was detected (Table 2, Figs. 3 and 4) . When EF+ and EF -were combined in an extract mixture they had far more activity than would be expected for a noninteracting system. EF -was found in preparations of other mutants that did not contain EF+ (37, possibly 84R1, and 120, Table 2 ). The EF -, found in extracts of strain 3 cells, was repressible by the same conditions that repressed nitrogenase in the wild-type strain (Table 3) .
All preparations containing EF+ activity exhibited in vitro complementation with extracts containing EF-activity ( (Table 4) . Discussion. The observation that strains 3 to 159 were sensitive to bacteriophage PAV-1 indicated that they were mutants of Azotobacter. The fact that the nitrogen-nonutilizing strains grew normally on ammonia under a wide variety of conditions indicated that they did not harbor a general lesion in energy metabolism or synthetic ability. The inability of the mutants to grow on atmospheric nitrogen paralleled the low or undetectable levels of nitrogenase activity in cell-free extracts of these strains. These observations confirm that the assay of nitrogenase used currently for Azotobacter preparations23 measures an activity necessary for nitrogen fixation in vivo. Nitrogenase of strain OP, EF+ of strain 22R1, and EF-of strain 3 were all repressed by the same conditions. EF+ and/or EF-activities were absent from extracts of mutants which were unable to grow on atmospheric nitrogen but which had no other major detectable defects. It would appear, therefore, that EF+ and EF-are necessary for nitrogen fixation.
EF+ activity was present in extracts of molybdenum deficient 22R1 cells, whereas EF-activity was absent from preparations of molybdenum-deficient 3 cells. The simplest over-all interpretation of the foregoing is that EF+ corresponds to azoferredoxin and that EF-corresponds to molybdoferredoxin.11-'6 Deficient 2.0 Solid inocula were introduced into 50 ml Erlenmeyer flasks containing 10 ml of CA medium to which molybdenum-deficient trace elements had been added. When the culture had reached stationary phase, 0.05 ml were transferred to fresh molybdenum-deficient CA medium. This procedure was repeated two or three times before cells were transferred to large flasks containing molybdenum-deficient CA medium for pregrowth as described in Materials and Methods. The cells were finally harvested by centrifugation and resuspended, as described in Materials and Methods in derepression media containing DN2 (normal) or molybdenum deficient DN2 (deficient). Cultures pretreated in the above manner grew at the usual rate on " normal" DN2 and at one tenth this rate on"deficient" DN2.
* der = derepressed; repr. = repressed by NH4C1.
The relative ease with which in vitro complementation occurred between extracts containing EF+ and extracts containing EF-suggests that nitrogenase is a loose aggregate containing EF+ and EF-components. The fact that EF+ enhanced wild-type nitrogenase activity in vitro can be interpreted to indicate that the EF+ is limiting in extracts of wild-type cells.
The dilution effect in Figure 1 has been observed frequently in the past.'9' [24] [25] [26] [27] The shape of the curves in Figures 2 to 4 may be due to the existence of more than one type of nitrogenase aggregate, each with a different ratio of EF+ and EF-components, and each with a different turnover number.
The hypothesis just described is based on evidence from experiments with crude extracts, and consequently should be confirmed with purified preparations.
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